Shimabara City in Nagasaki Prefecture, Japan, is located on a volcanic peninsula that has abundant groundwater. Almost all public water supplies use groundwater in this region. For this reason, understanding groundwater characteristics is a pre-requisite for proper water supply management.
INTRODUCTION
Groundwater is used for various purposes, such as water supply, agriculture, and industry. During recent decades, groundwater has been polluted by increasing fertilizer applications to meet the demand of food supply due to population growth. Monitoring and protection of groundwater are essential to meet the demand for safe groundwater. To understand the effects of hydrogeological processes and anthropogenic activities on regional groundwater, it is important to study the chemical characteristics.
The hydrogeochemistry of groundwater is influenced by many factors, such as climate, mineralogy of aquifers, chemical composition of rainfall and surface water, topography, and anthropogenic activities. Thus, a hydrogeochemical interpretation of groundwater quality from representative water samples can provide useful information on the geochemical processes, hydrodynamics, origin, and interaction of the groundwater with aquifer materials. Shimabara City is known as a region that, to a great extent, relies on groundwater for the public water supply (Committee on Nitrate Reduction in Shimabara Peninsula ). However, Shimabara groundwater has been increasingly polluted by nitrate since 1988. We analyzed the present situation of groundwater pollution by nitrate in Shimabara and showed that agricultural activities are the main polluter of the groundwater (Nakagawa et al. ) . However, it is sometimes difficult to decipher PCA results due to bias resulting from the complexity and nonlinearity of large data (Choi et al. ) . Recently, multivariate analysis using self-organizing maps (SOMs) has been applied to various research fields, such as ecology (Céréghino et Thus, SOM is a powerful and effective tool for detection and interpretation of spatially varying phenomena.
Especially, SOM has a better ability to handle the nonlinearities, noisy or irregular data, and multivariate data without mechanistic understanding of the system. SOM is also easily and quickly updated when adding new data (Hong & Rosen ; Kalteh et al. ) . The similarity of extracted pattern classification can be visually compared using color gradients ( Jin et al. ) .
In the previous study (Nakagawa et al. ) , we used field observed data from August 2011 to November 2013.
We continued to collect data, and available data were extended to May 2015. Therefore, in this study, we confirmed our previous results by using a more informative method, SOM, together with an extended database. Using SOM, visual representation of groundwater characteristics is easy, and more detailed clustering with better analyses results is possible as compared to conventional PCA. To improve the understanding of groundwater characteristics in Shimabara we applied SOM combined with hierarchical cluster analysis using water chemistry as input. According to the results obtained by SOM analysis, we discuss the spatial trends of groundwater characteristics in Shimabara and the practical application of SOM for future water use.
STUDY AREA AND DATA USED Figure 1 shows the study area and the sampling locations in Shimabara, Nagasaki Prefecture, Japan. Shimabara has an area of 82.8 km 2 and is located in the northeastern part of Shimabara Peninsula. In the center of the peninsula, the active volcano Unzen (Mt Fugendake) is located. The geology of the Shimabara area is thus formed by volcanic deposits composed of dacite, andecite, volcanic ash, and lapilli. Average annual precipitation is about 2,100 mm . The mean annual temperature is 16.9 W C, and the average monthly temperature ranges from 4.2 (January) to 29.0 W C (in August) (Japan Meteorological Agency ). 
METHODOLOGY
The SOM is a modified artificial neural network character- 
RESULTS AND DISCUSSION
Based on the methodology described above, the number of SOM nodes was determined to be equal to 91. The number of rows and columns was 7 and 13, respectively.
Thus, this SOM design was used for the cluster analysis of standardized water chemistry data from the 36 locations in Shimabara. (Figure 3(a) ) and NO 3 À (Figure 3(b) ).
The same trend can be seen for Na þ (Figure 3 concentrations except for Cl À and NO 3 À of cluster-5 are higher than that of cluster-4.
The five classified clusters can generally be divided into two water quality types. Cluster-2 and -3 can be characterized as polluted water due to the high concentration of NO 3 À . The other group includes cluster-1, -4, and -5, representing non-polluted water (pristine water type). Table 3 
Cluster-1 5. PCA. However, in this case, SOM can be an alternative method (Choi et al. ) . In this study, both PCA and SOM successfully classified groundwater chemistry in the study area. However, SOM gives more robust and explainable results that can be used to characterize groundwater chemistry. More detailed characteristics along this line will be described in a new paper (Amano et al. in press ).
